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Section 1 
INTRODUCTION 
This report  covers the effort of McDonnell Douglas Astronautics Company 
(MDAC) i n  the design, development, manufacturing, testing, and installation 
of two broadband, multifrequency aircraf t  radiometer radomes for Manned 
Spacecraft Center, National Aeronautics and Space Administration (MSC, 
NASA). 
the L-, X-, K - ,  and K,-bands, and in both vertical  and horizontal polariza- 
tions. 
antenna beam deflection were to be within MIL-R-7705A (ASG), a mili tary 
specification for  radomes. Fitting of the radomes to the particular NASA 
P3A a i rc raf t  (927) was to be ensured, A determination was to be made of 
airworthiness for  the chosen radome shape using aircraf t  operating param- 
These radomes were required to perform at discrete frequencies in 
The transmission losses  were to be minimal; pattern distortion and 
e t e r s  supplied by MSC. 
Lightning a r r e s t e r s  were  to be installed that would not affect the radiation 
patterns, and temperature sensors  were  to be implanted in the radome which 
would give temperature readings with a n  accuracy of *1/4" C. 
" 
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Section 2 
SUMMARY AND CONCLUSIONS 
Two radomes that met the requirements were delivered to MSC,. Contract- 
ually, verification of these radomes was to be made with simulated antennas 
and/or horns. 
patterns were made with the actual antenna system, antenna mounting ring, 
and simulated aircraf t  bulkhead structure,  supplied a s  government furnished 
equipment ( G F E )  by MSC specifically for  these tests,  
to furnish the government with measurements closely representing the system 
in its actual use configuration. 
At the request of the technical personnel of MSC, final 
MDAC was thus able 
The original set  of patterns taken on this system a r e  being furnished to the 
government a t  no additional cost, These patterns a r e  for four antenna look 
angles in the vertical  plane ( 0 " ,  30" ? 70",  and 160O); four frequencies (L-, 
X-,  K-,  K,-bands); horizontal and vertical polarization; and for  both 
radomes. 
only. 
Also furnished a r e  corresponding patterns taken on the antennas 
The final radomes were of solid laminate construction rather than the mul- 
tiple sandwich. 
precise multiples of the X-band frequency, 
laminate 0, 265 in. thick produces electromagnetic transmission charscter-  
ist ics that meet the contractual requirements. An added advantage? in 
addition to the inherently stronger physical characterist ics of this type of 
construction, is i t s  ability to withstand the high-energy impact forces  
caused by hail. 
that local delamination of the outer skin becomes negligible for a i rcraf t  in 
the P3A speed range when the skin is thicker than 0, 080 in. 
A hemispherical shaped radome was chosen to minimize any distortion of 
the antenna patterns, 
of the military specification. 
The two upper frequencies (K- and K,-band) were almost 
Calculations showed that a 
Hail impact tes ts  made by Douglas Aircraft  Company-show 
In general, the radomes performed within the tolerance 
In all cases  boresight shift and beam spreading 
3 M 
were within the tolerance of the mili tary specification. 
level changes in patterns,  there were only two cases  in which the change 
warrants explanation (see Subsection 6. 1). 
A s  f a r  as  side-lobe 
The transmission efficiency tes ts  performed by Je t  Propulsion Laboratories 
showed that the losses  caused by absorption generally were less  than the 
contractual figure. Measurements made by MDAC were inconclusive, as was 
to  be expected, since the measurement technique did not follow that called 
out in the military specification, 
radome be moved one-quarter of a wavelength with respect to the antennas. 
This could not be done with the GFE. 
Specified procedure requires that the 
An aerodynamic analysis showed that the final radome shape did not have any 
adverse effect on the operational characterist ic of the P3A aircraft ,  
i ts  larger  size did not r e s t r i c t  the vision of the pilots, 
Also,  
The la rger  size’of this radome as  compared to the usual P3A aircraf t  radome 
resulted in  a somewhat heavier weight (approximately 280 lb). A s t r e s s  
analysis showed that existing latches, hinges, and former ring assembly 
could support this increase in weight, 
The system required operation in both horizontal and vertical  polarization. 
Therefore, solid lightning a r r e s t e r  s t r ips  were disregarded in favor of a 
technique developed by Douglas Aircraft  Company which is insensitive to 
polarization. 
by using photographic etching and plating procedures, giving significantly 
closer tolerances and uniformity of strips.  Pat tern tes ts  were made with 
and without these s t r ips  on the radome and there was no appreciable change 
in the antenna patterns. 
The manufacturing process of these a r r e s t e r s  was improved 
4 
Section 3 
DISCUSSION O F  PROGRAM 
3.1 MANAGEMENT 
This program was managed in the MDAC Microwave Engineering and 
Laboratories Branch. The organization relationship shown in Figure 1 was 
established. John W. Thomas, Design Technology Director, held weekly or 
biweekly meetings depending on program needs and milestones, Full man- 
agement support was given to ensure fulfillment of technical contract require- 
ments and to meet the accelerated delivery schedule. 
A decision was made in January 1969 that the contractor should be responsible 
for  the actual fit of the radomes on the particular P3A aircraf t ,  
ments were made in Houston during January within 2 days after MDAC 
received the change of scope direction. The MDAC subcontractor, Fibco 
Plast ics ,  made a mas ter  tool, molded to the configuration of the canted 
fuselage station to which the radome was attached. 
Measure- 
To meet the accelerated schedule, two surplus radomes were purchased, 
The older radomes were  removed and the former  ring and associated hard- 
ware used for  radome 1 on this contract, When the two se ts  of former  rings 
furnished as GFE under Article XVII, Item 51, of the contract were received 
by MDAC, it was found that they were unusable for  radome 2, Unfortunately, 
these rings were  not drilled with pilot holes for the rivet hole pattern. 
there a r e  over 300 rivets closely spaced, the problem of drilling and back- 
drilling could have been formidable. 
ring f rom the second purchased radome in producing the second deliverable 
radome. 
As 
It was decided, therefore, to use the 
The f i r s t  radome was completed on schedule and flown to Orlando, Florida 
a t  the request of MSC under a further change of scope. 
accompanied the shipment, 
MDAC personnel 
The radome 1 was fitted to the aircraf t  April 27 
to the satisfaction of the MSC representative. 
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Figure 1. Program Organization 
The second radome was completed ear ly  so  that i t  could be fitted to the a i r -  
craf t  while the a i rc raf t  was in Houston for a checkup. 
completed August 12. 
This work was 
3.2 SCHEDULE 
MDAC responded to an August 1968 RFQ by a formal proposal in August 1968. 
A revised proposal was submitted in September 1968. 
contract was received which allowed preliminary efforts to begin, 
January,  MDAC began full-scale development. In January, a change of scope 
was requested by MSC and in February MDAC made a formal proposal for  
added work against an  accelerated schedule. 
in April  and the second radome was delivered in August. 
In December 1968 a 
In 
The f i r s t  radome was delivered 
In July the antenna package, antenna mounting ring, bulkhead mockup section, 
and radome 1 became available. It was decided by MSC to supply this equip- 
ment as GFE to MDAC. 
system and both radomes were measured within a week of each other. 
been planned to use reflectors and/or horns simulating the actual antenna 
system to verify the radomes. However, this change enabled MSC to get 
total system performance data plus preliminary patterns pending a more 
detailed measuring program. 
the measurements were made and calculations performed by Jet  Propulsion 
Laboratories (to be released la ter  a s  a JPL report) ,  
Electrical  tests were then run using the actual 
It had 
Data on the transmission efficiency phase of 
3 . 3  DATA 
There were 17 contractual data items required, 
ual items and the dates completed, 
Figure 2 shows the individ- 
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Section 4 
DESIGN 
4 .1  ELECTROMAGNETIC ANALYSIS 
The radome made under this contract was unusual in that it was required to 
be transparent t o  a frequency spectrum grea te r  than 20:1, whereas the 
majority of a i r c ra f t  radomes are designed to pass a single specific frequency, 
During analysis, the following steps were taken: (1) design studies, (2)  selec- 
tion of material ,  and (3) fabrication and tes t  of a sample panel. 
4. 1. 1 Design Studies 
Radome design techniques may be generally divided into three categories. 
They are based on the three basic wall configurations: thin-wall, solid 
laminate, and sandwich. 
The thin-wall radome has a wall thickness substantially less than one-tenth 
of the wavelength of the impinging energy. 
quencies, such a wall is usually structurally adequate for most a i rcraf t  
applications. However, at higher frequencies the thin-wall radome is 
normally not strong enough to withstand the flight conditions. 
At relatively low microwave fre- 
For  maximum power transmission efficiency, the solid laminate should have 
a thickness of a half wavelength or some integral multiple thereof, 
Several sandwich configurations are used. 
of two very thin skins of relatively high dielectric constant, separated by a 
low-dielectric core  whose thickness is an odd multiple of a quarter wave- 
The simplest  (A sandwich) consists 
length. 
is higher than that of the skins;  the C type, which has  three skins and two 
cores;  and the multilayer, which may have any reasonable number of layers  
of alternating high and low dielectric constant material ,  
design, all of these configurations were examined. 
Other sandwiches are the B type, where the core  dielectric constant 
’ 
In the present 
9 
The first s tep  in designing any radome is the grazing angle study, 
procedure consists of locating the radiating system within the radome and 
examining the angles a t  which the radiated energy impinges on the radome 
walk. 
function of incidence angle and relative polarization. 
This 
Knowledge of these angles is required because wall thickness i s  a 
Figure 3 shows a profile view of the radome with accepted nomenclature.and 
three positions of the antenna system. 
angle is that angle between the given ray and a normal to the surface at the 
It will be noted that the incidence 
- 
point of impingement. 
tion. 
defined as being parallel. 
dicular to that plane, the polarization i s  defined as perpendicular. 
The r a y  and the normal define the plane of polariza- 
When the electr ic  vector is parallel  to the plane, the polarization is  
Conversely, when the electr ic  vector i s  perpen- 
In 
designing a radome, therefore,  two conditions a r e  examined: one where the 
electric vector (which defines the polarization) i s  oriented parallel  to the 
plane of incidence; and the other,  where the electric vector is perpendicular 
to the pZane of incidence. 
The basic  s tep in  selecting a wall configuration is a knowledge of the opera- 
tional frequency of the system enclosed by the radome. 
frequency radiometer system is involved, 
In this case,  a multi- 
The frequencies of operation are:  
1.42 fO, 075 GHz L-band 
10.625 &O. 125 GHz X-band 
22 .3  &O. 250 GHz K - band 
31. 4 &O. 250 GHz Ka- band 
An examination of the wavelengths shows immediately that a thin-wall radome 
would be structurally inadequate for a 400-knot airplane, since, even a t  the 
X-band frequency, i t  would be substantially less  than 0. 05 in, thick, Selec- 
tion is thus constrained to either the solid wall or the sandwich. 
Examining the simplest  sandwich, i t  i s  seen that the frequencies a r e  so 
related that a quarter-wave core at 10. 625 GHz would be a half-wave core at  
22.3. This constitutes the poorest possible sandwich, thus eliminating such 
a configuration f rom consideration. 
10 
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Figure 3. Radome-Antenna Nomenclature 
11 
In the case of the B-sandwich, two factors  mitigate against i ts  'practicality 
for  the present application. F i r s t ,  the dielectric constant required for  the 
core i s  unreasonably high, Secondly, since the skin thickness must be a 
quarter wavelength, the multiplicity of frequencies makes selection of a skin 
dimension impractical. 
core of the A-sandwich. 
This i s  the identical problem which a r i s e s  with the 
Multilayer sandwiches a r e  based upon a number of very thin (0,010 to 0. 020 
in. ) skins, separated by lightweight cores ,  each about 0. 100 in, o r  less .  The 
requirement in this radome f o r  resistance to ra in  erosion and to hail impact 
implies an outer skin at  least  0.040 in. thick, plus about 0. 012-in. neo- 
prene o r  urethane protective coating. Such an outer skin would actually 
mitigate strongly against selection of the multilayer wall. 
Thus the thin wall and the sandwich a r e  eliminated, leaving the solid lami- 
nate. Normally, because of the half-wave consideration, this configuration 
cannot be considered broadband. However, the three upper frequencies bear 
almost a precise harmonic relationship. Thus, a half-wave wall a t  X-band 
becomes a full-wave wall a t  K-band and three-halves wave wall a t  K -band. 
At the lowest frequency, such a wall approaches the thin-wall cri teria.  
a 
Power illumination contours were assumed for  the four system antennas, 
based upon the known characterist ics of a r r ays  and of scalar  horns. 
4 shows the distribution of energy across  the face of the aperture in the X-, 
K-,  and K -band scalar  horns. The assumed distribution conforms to the 
cosine curve# with no energy a t  the outer edge. Similarly Figure 5 shows 
Figure 
a 
the assumed distribution a s  taken f rom the l i terature ,  for the L-band 
array,  The level at the aperture edge i s  -20 dB. Using these contours and 
the conventional grazing angle procedure, it was determined that, in the 
almost hemispherically shaped radome, the weighted average incidence 
angles for the four antennas are shown in Table 1, 
f rom a hemispherical shape, the incidence angles a r e  very low. 
As would be expected 
Based upon a measured dielectric constant of 4. 28 and loss tangent of 0. 014 
for  a conventional glass-epoxy laminate , a study was made by electronic 
computer to find the power transmission efficiency, power reflection, and 
insertion phase delay of the solid wall a s  functions of frequency, incidence 
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Table 1 
WEIGHTED AVERAGE INCIDENCE ANGLES 
Frequency 
L- band 
X-band 
K-  and Ka -band 
Aspect 
Forward UP Down 
10" 8.25" 10.4" 
12.5" 13.0" 3.3" 
14. 3" 14.4" 10.4" 
angle, and polarization, 
calculations. 
band. 
radome at  all primary frequencies. 
u res  Gthrough 10. 
Curves were plotted to show the results of these 
Individual sets  were first laid out for each discrete frequency 
A composite set  was then drawn to show the overall response of the 
These curves a r e  a l s o  shown in Fig- 
4. 1. 2 Selection of Material 
Eight sample laminates were submitted by the subcontractor, Fibco Plastics,  
Dielectric measurements were made and the results a r e  shown in Table 2. 
The configuration selected was laminate 5, 
with two layers  of type 181 glass cloth (0. 0085 in. thick) as inside,and out- 
side surfaces. 
1584 glass cloth (0.026 in. thick), 
Shell epoxy, type 828, using curing agent A. This laminate had,a  res in  
content of 2870, resulting in  a dielectric constant of approximately 4. 1 and a 
loss tangent of 0. 01. 
The radome wall was constructed 
Between these layers ,  the remaining laminate was of type 
The res in  selected for impregnation was 
The thickness was 0.265 in. 
4. 1.3 Fabrication and Test of Sample Panel 
A 2 by 4 Et tes t  panel was then fabricated using the above configuration. It 
was tested in accordance with the procedure in paragraph 4.8.3.2.2 of MIL-R- 
7705A (ASG). The results are tabulated in Table 3 .  
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4 . 2  AERODYNAMIC ANALYSIS 
MDAC was to perform an aerodynamic analysis to determine the aerodynamic 
loads on the radome shell and the attachment fittings. 
an estimate of the resulting aircraf t  and flight restrictions, i f  iny. 
Also there was to be 
This phase of the contract was performed by personnel in the Douglas Air -  
craft  Company because of their extensive experience in this type of analysis. 
An estimated pressure  distribution over the forward 100 in. of the fuselage 
of the P3A was made. 
dimensional Neuman computer program, BOXC. 
The calculations were based on Douglas three- 
A comparison between the profiles of the existing and the new radome in both 
vertical and horizontal planes showed a very small  increase in planform 
and side area of the fuselage. 
not large enough to have significant effect on either the longitudinal o r  
directional stability or controllability of the aircraft .  
This increase in a r e a  and fuselage volume is 
- _ _  
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Therefore, no restrictions were imposed on the normal operating envelope 
and center-of-gravity range of the P3A aircraft ,  
The results of this analysis have been'given in report DAC-67784, a COPY 
of which has been supplied a s  Data Item 11. 
4.3 STRESS ANALYSIS 
The original RFP required that the radome be capable of withstanding the 
.takeoif, flight, and 1andjQg pt ss canditioas. The interface for  responsi- 
bility between MDAC and MSC was that MDAC would make an analysis of 
structural  loads to the hinges and latches due to the radome, but would not 
consider the transfer of s t r e s s  into the aircraf t  structure. 
the contract was also performed by personnel in the Douglas Aircraft 
Company. 
This phase of 
Because of the lack of pertinent data on the P3A aircraf t ,  i t  was agreed 
among MSC, MDAC, and Douglas Aircraft  Company personnel that Douglas 
Aircraft would develop the appropriate information from C-  133 basic flight 
data, 
XVII of the Contract, Subsequently, Douglas Aircraft developed an Aircraft 
Lift Coefficient ve r sus  Angle of Attack versus  Mach Number criterion. 
addition, a Pitch Attitude Envelope was developed. 
to determine an average value of angle of zero l i f t  to use for the P3A. 
four a i rcraf t  were the C-133, C-124, DC-6, and DC-8. 
An equivalent airspeed of 405 knots was chosen a s  the maximum velocity fo r  
the P3A by MSC. 
Originally these data were to be supplied as GFE,  Item 48 Article 
In 
Four a i rcraf t  were used 
The 
Computer program SA-39 was used to calculate internal loads and moments 
for  an external pressure  distribution on the radome. 
calculated for  the radome, hinge assembly, latches, and former assembly. 
Margins of safety were 
The results of these analyses a r e  given in an extensive report  DAC 67785, 
a copy of which has  been supplied a s  Data Item 12. 
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4.4 LIGHTNING ARRESTERS 
The Douglas Aircraf t  Company has had extensive experience with the 
configuration of lightning a r r e s t e r s  on such proven aircraf t  a s  the DC-6, 
DC-7, DC-8, and DC-9 airplanes. 
out of the a r r e s t e r s  on these radomes (see Figure 11). 
were used on these aircraf t  because the radars  enclosed i n  the radomes were 
of one polarization. The dual polarization imposed on the radome design for 
this contract made i t  advisable to proceed directly to a Company-developed 
technique which minimizes antenna pattern distortion caused by the a r r e s t e r .  
The accelerated schedule reinforced this decision. Details a r e  shown in Figure 12. 
This experience was the basis for the lay- 
Solid-conductor s t r ips  
Printed circuit techniques a r e  used that permit accurate scaling and allow 
large quantity production. 
of the a r r e s t e r  and gives a continuous path to the lightning discharge. 
the radome receive a direct  lightning strike,  the electrical  path i s  initially 
set  up across  the square dots and the carefully controlled air gap 
(0. 020 f 0,001 in, }. 
the ionized path above the a r r e s t e r .  
Epoxy adhesive is  used to apply the s t r ip  to the radome. A specifically 
designed paddle section is used to connect the end of the a r r e s t e r  to the 
former  assembly. 
A high resist ive film is coated along the back 
Should 
The main current flow subsequently takes place through 
4.5 TEMPERATURE INDICATORS 
Seven temperature sensors  were located around each radome according to 
Figure 13. 
bottom and side, on the inside of the radome top, bottom and side, and one 
embedded in the radome on the side. 
(-55°C to 45°C within -+1/2"C and -30°C to 25°C within f1/4OC) made i t  
These sensors  were placed on the outside of the radome top, 
The accuracy specified by the contract 
necessary to put the seven amplifiers in two temperature-controlled ovens. 
Figure 14 shows the wiring diagram. 
Thermal Systems, Incorporated arid a r e  shown in Figure 15. 
The ovens were purchased from 
21 
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CONTROL 
OVER HEAT 
-4 ---- 
CONTROL T/STAT 
28 V DC 
SCH EMATlC 
FOAM 
NOTES: 
1. HEATER SHALL OPERATE AT 28 V DC & WATTAGE SHALL BE 
2. RESISTANCE OF HEATER SHALL BE MIN & MAX 
3. CONSTRUCTION SHALL BE LAMINATES OF SILICONE RUBBER 
[MPREGNATED FIBERGLASS ENCASING NICKEL CHROMIUM 
RESISTANCE WIRE 
4. OPERATING TEMPERATURE OF HEATER SHALL BE 
5. CONTROL THERMOSTAT TO OPEN AT 75 +_ 5OF 81 CLOSE AT 45 t PF. 
6. MARKED APPROX. WHERE SHOWN: 
40+_10% 
MFG. THERMAL SYSTEMS INC. 
VOLTS 28 DC, WATTS 
PIN 21-2789 
7. OVER HEAT THERMOSTAT TO OPEN AT 102 = 5OF & CLOSE AT 50 
50 t 5OF. 
8. INSULATION COVER SHALL BE LOOSE 
Calibration of the complete system uses a second-order curve'of the form 
2 
= a. + "1 Vout + a2 out 
where 
T = temperature a t  "C 
and a - voltage coefficients ao9 a l y  2 -  
= amplifier output (volts dc) Vout 
The curve f o r m  of calibration is necessary because of the nonlinearity of the 
temperature sensor mater ia l  over the temperature range of interest  and the 
necessity of supplying the required accuracy. 
tance according to the Callendar - Van Dusen equation which gives the second- 
order  calibration curve above. 
obtained by using the appropriate constants from Table 4. 
This material  varies in r e s i s -  
The required accuracy in this equation is 
27 
rn 
c, 
d 
a, 
U 
a, 
.r( 
.r( a 
s 
; 
a, 
M 
rd u 
d 
M m " d N o 4 * m 4 4 N o m  
0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0  
d d d d d 0' d d d d d 0- d d 
I I 
a, 
.r( 
U 
.r( w w 
a, 
0 u 
w 
0 
m : 
4 
rd > 
d 
a, > 
M 
a, 
3 
.rl 
c) 
u .Irl 
u rn 
P 
3 
m u  
- 2  
% N  
rd 
0 
u 
4 
a, 
c1 
h 
U a 
(II 
u 
F-4 
0 * 
5 
PI 
3 
0 
k 
a, 
Y 
c, 
u 
.r( 
d 
2 
E 
4 
pc 
I 1  
+ 
c 
2 
1 1  
u 
a, 
U 
u.4 uc 
a, 
0 
U 
a, 
M 
id 
.+ 
.I4 
u 
4 
P 
rLP 
II  ., 
.. 
c 
fd . 
C
rd 
u 
.I 
h 
0 
v 
a, 
; 
E 
c, 
rd 
k 
cy 
R 
; 
II 
E 
a, 
k 
2 
3 
28 
Section 5 
FABRICATION O F  FINAL RADOME 
The radome was layed up in the mold shown in Figure 16 using Fibco Plastics 
F i r s t  Article Inspection sheets shown as Figure 17. 
To ensure fit of the final radome to the particular P3A aircraf t ,  Fibco 
Plast ics  was directed to make a layup of the nose section of the aircraft .  
This resulted in a jig (Figure 18) f rom which the male mold was made. The 
.final radome was cut and trimmed in this jig, 
At time of inspection, probe holes were  cut along the lines shown in Figure 
19. 
fully controlled, 
a r r e s t e r s  were  la ter  placed, 
personnel and government personnel represented by Defense Contract 
Administration Services. 
shows the final dimensions attained, 
There i s  a 40-in. -wide window a r e a  in which the thickness was care-  
The holes matched the lines on which the lightning 
Inspection was both by MDAC inspection 
Fibco Plastic P a r t  Inspection Report (Figure 20) 
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Figure 16. Radome Mold 
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Figuro 111. Radome interface Jig 
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Section 6 
ME AS UR EMEN TS 
Two categories of t es t s  were made on the radiometer system which included 
both radomes: 
(2)  transmission tes ts  a t  both MDAC and Table Mountain (JPL). 
se t  of patterns was obtained. 
and vertical  polarization transmission loss. 
only horizontal polarization losses  due to  lack of time. 
(1) pattern t e s t s  at the MDAC Microwave Test Site, and 
A complete 
Radome 1 was measured for both horizontal 
Radome 2 was measured for 
6.1 PATTERN TESTS 
Side- lobe levels, beamwidth change, and beam deflection were measured 
from the recorded patterns and a r e  presented in Tables 5 through 21. These 
tables summarize the significant information taken from the patterns and put 
in a form from which comparisons can be made. 
226 pattern recordings were taken at a sufficient scale on the recorder t o  give 
the necessary angular accuracy required by the specification. Approximately 
1, 000 feet of Scientific Atlanta Recording Paper 121 were used and because of 
this bulk, patterns have not been included in this report. 
a r e  being forwarded to MSC at no additional cost to  the government. 
The raw data representing 
The original patterns 
These tables and the following comments on patterns use Figure 21. 
antennas a r e  oriented s o  that the electric vector for each antenna is in the 
same plane. 
The plane at  right angles i s  called the H-plane. 
package can rotate, it follows that the E-plane can be oriented at any angle 
with respect t o  the earth. 
The four 
This i s  called the E-plane in the text and i s  shown in Figure 21. 
Since the complete antenna 
However, system operation has the antenna package 
in one of two positions represented by Figure 21a (1) or  (2)  and called accord- 
ingly horizontal o r  vertical  polarization. 
39 
o\ 
N 
0 
M 
\ 
M 
l-4 
9 
N 
\ 
d+ 
d 
m 
In' 
d 
0 
M 
N N  m 
O N  0 '  
N N  N 
\ \ E \  
0 0 0 0  
m t - 9  
d 
0 0 0 0  
m b a  
d 
N 
40 
I 
41 
N * . 
l-4 
2 
z 
0 
4 
Ft 
5i w 
d 
0 
Frr 
m 
m 
l-4 
w 
M 
\ 
N 
N 
w 
N 
\ * 
N 
0 
Lo 
P.4 
0 
M 
Lo 
m 
l-4 
* 
m 
\ 
m 
N 
co 
-d 
P.4 
0 
F 
F m 
4 
w m 
\ m 
N 
* m 
\ 
N 
N 
A 
ui 
4 
0 
9 
4 
0 0 0 0  0 0 0 0  
m F '9 O b 9  
4 d 
N 
42 
N 
m 
4 
co * 
\ 
0 
N 
9 
N 
\ 
co 
4 
0 
9 
\ 
m 
N 
N * 
\ 
0 
N 
N 
N 
\ m 
4 
* 
d 
I 
N 
4 
4 
0 
4 
9 
cr) 
4 
.N m 
\ * 
4 
N 
Ln 
\ 
m 
N 
N * 
\ 
N 
N 
N 
N 
\ m 
4 
4 
0 
I 
co 
-4 
4 
0 
t- 
00 
0 
4 
* 
Ln 
\ 
0 
N 
9 
cr) 
\ 
N 
* 
N 
\ 
0 
N 
4 
0 
9 
\ 
Ln 
N 
N * 
\ 
0 
N 
* 
N 
\ m 
4 
N 
t- 
4 
I 
co 
N 
\ Ln 
4 
0 
9 
\ 
m 
N 
0 
m 
\ 
0 
N 
* 
N 
\ * 
4 
9 
t- 
4 
0 
9 
\ * 
N 
N 
m 
\ 
Ln 
4 
I 
0 
m 
\ 
m 
N 
N 
N 
\ m 
4 
Ln L n L n  L n L n L n L n  
N m N O  4 m 4 N  
+ + + I  
d d d d  d d d r :  
I I I I  
0 
9 
-4 
4 
0 
m 
N 
-4 
4 
0 
t- 
9 
4 
4 
0 
9 
4 
4 
4 
4 
0 
N 
9 
4 
4 
0 
m 
r- 
-4 
4 
0 
I- 
0 
9 
.&-I 
a a 
0 
m 
r: 
rd 
5 
E 
a, 
k 
0 
rn 
I= 
cd 
; 
I 
%- 
43 
x 
9 
2 
N 
H 
0 0 0  
N N N  * \ \ \  
\ \ \ \  
r - 9 L n L n  
N N N N  
m a r - c o  
4 4 4 4  
0 0 0 0  
m r - 9  
4 
9 
rc) 
0 
N 
5 
o\. 
N 
co co 
\ I I \  
0 Ln 
m N 
d d 
* 
.d 
I I \  
t- 
N 
0 0 0 0  0 0 0 0  
m t - 9  
d 
m e 9  
d 
-6.I v3 -- 
N 
m a 
0 
m 
44 
s 
U 
d 
9 
4 
E 
4 
N 
Lo 
00 
4 
1 
9 
N 
N 
\ 
P 
N 
d 
c 
c 
5. 
II co 
\ 
0 
N 
* 
3c 
I 
9 
M 
\ 
m 
N 
co 
\ 
P- 
N 
co 
\ 
N 
l-4 
n 
4 
N 
+ d 
E co 
4 
0 
l-4 
* 
Lo 
01) 
\ 
9 
N 
N 
\ 
co 
N 
4 
d 
co 
\ 
Ch 
4 
9 
m 
\ 
0 
rr) 
co 
N 
\ 
0 m 
00 
\ co 
N 
co 
\ 
m 
4 
tn 
d 
Lo 
m 
+ d 
co 
4 
0 
N 
co 
\ 
N 
m m  
4 
9 
m 
\ 
Ch 
N 
I 
co 
\ 
0 
m 
0 co 
\ 
N 
4 
4 
Lo 
m 
f 
d 
co 
4 
0 
m P -  
co 
ul 
0 * 
\ 
P- 
N 
co 
\ m 
N 
w 
\ 
P- 
N 
4 
4 
tn co 
\ 
00 
4 
dl 
cs) 
\ 
@- 
N 
co 
N 
\ 
P- 
N 
* 
N --. 
P- 
N 
0 
N 
\ co 
N 
co 
\ 
N 
N 
9 
+ d 
03 
4 
0 
9 
4 
Lo 
N N  
+ +  d d  
* o m  
d 4  
0 0  
M 
L o r n  
N *  
+ +  d d  
m m  
4 4  
0 0  
P - 9  
4 
c o c o  
\ \  c o c o  
N N  
c o c o  
\ \  
0 0  
N N  
d l - 4  
t n t n  
3-4 * *  
+ +  d d  
* P -  
+ I  
d d  
* 
c o P - c o 9  
4 4 4 4  
0 0  0 . 0  
m P - 9  
d 
N 
a 
Td 
0 
m 
45 
0 
5r; 
co 
hf 
\ 
t- 
N 
co 
\ 
0 
N 
N 
\ co 
N 
" 
4 
rn 
60 
\ 
N 
N 
m 
N 
l-4 
9 
\ 
9 
N 
" 
rn 
9 
\ 
N 
N 
m 
o\ 
rn 
9 
\ 
N 
" 
b 
o\ 
\ 
N 
l-4 
m 
I 
I 
9 
\ 
m 
" 
" 
rn co 
\ 
m 
N 
9 
m 
\ co 
N 
* 
\ 
b 
N 
0 
\ 
0 
m 
l-4 
l-4 
rn 
cr\ 
-4 
0 
9 
4 
w a 
rn co 
. \  
N 
" 
rn 
9 
\ 
N 
" \ 
N 
" \ 0 
N 
I 
I I 
co 
\ m 
N 
4 
co 
\ 
r( 
9 
\ 
m 
N 
" 9 
\ 
o\ 
N 
" co 
\ 
cr\ 
N 
.-( 
'Tt( 
\ 
t- 
N 
" co 
\ co 
N 
" co " 
0 
m 
rn co 
\ 
0 
N 
rn co rn 9 
\ 
m 
N 
rn co 
\ 
rn co 
\ 
N 
" 
VI co rn 9 rn co r n r n  c o c o  
\ \  
" 0  
N N  
\ 
N 
I 4  
\ 
N 
4 
\ 
N 
" \ 0 
N 
" 
N 
co 
4 
c o b  co 
4 
co 
-4 
o\ 
-4 
co 
4 
co 
.dt 
b 
4 
o\ 
4 4 4  
0 0 
b 
0 
9 " 
0 
['- 
0 
9 
.-( 
0 0 0  
m t -  
0 
m 
0 
m 
N 
46 
w 
2 
I 
t 
0 
N 
\ m 
N 
2 
\ 
r- 
N 
I 
I 
I 
2 
\ 
9 
N 
co 
\ 
m 
4 
UI 
L-4 
0 + 
(r 
4 
0 
r- 
cy 
2 
-+ m 
\ co 
N 
0 
N 
\ 
w 
N 
0 
\ 
In 
N 
r( 
2 
\ 
9 
N 
0 
N 
\ co 
N 
N 
\ 
9 
N 
0 
\ m 
N 
L-4 
4 
m 
m 
+ d 
o\ 
4 
0 
c/ 
\D 
2 
0 
N 
\ 
9 
N 
0 
\ 
9 
N 
A 
w m 
\ 
w 
N 
w 
\ 
r- 
N 
L-4 
2 
\ 
9 
N 
m 
m 
0 + 
9 
co 
4 
0 
cr) 
co 
N 
4 
0 
N 
\ 
9 
N 
0 
\ 
9 
N 
A 
N 
N 
\ 
00 
N 
-+ 
\ 
9 
N 
4 
m 
0 
I 
9 
9 
N 
m 
0 
r- 
0 
m 
4 
co 
r- 
\ 
r- 
N 
w m 
\ 
In 
N 
CO 
\ 
N 
4 
4 
9 
\ 
N 
N 
0 
9 
\ m 
4 
9 
N 
\ 
m 
N 
2 
\ 
0 
N 
r- 
0 
I 
9 
-% 
W 
4 
0 
9 
d 
N 
o\ 
w 
o\ 
9 
Q\ 
0 
co 
4 
N 
2 
9 
03 
4 
N m 
\ m 
hl 
N m 
-+ 
\o 
N 
-+ 
N 
\ 
r- 
N 
0 
N 
\ 
N 
N 
0 
\ -+ 
N 
4 
co 
\ w 
N 
hl 
9 
\ 
L-4 
N 
0 
9 
\ 
0 
N 
03 
N 
\ 
N 
N 
w 
N 
\ m 
N 
\D 
\ 
r- 
N 
.-( 
2 
“)a 
\ 
m 
N 
\ 
In 
N 
In 
r- 
0 
I 
9 
5. 
4 
0 
9 
L-4 
I 
N 
N 
\ * 
N 
N 
\ m 
N 
4 
I 
0 
N 
‘4 
9 
N 
0 
N 
\ 
9 
N 
0 
N 
\ 
9 
N 
0 
N 
\ 
m 
N 
N 
\ co 
N 
4 
N 
\ 
co 
hl 
L-4 2 f 0 L-4 
\ co 
N 
\ co 
N 
rn \ r- 
N 
0 
9 
\ m 
N 
2 0 N 
\ 
9 
N 
\ 
9 
N 
2 
\ 
co 
N 
In 
4 
0 
I 
2 
\ co 
N 
0 
\ 
03 
N 
L-4 co 
\ 
m 
4 
m 
4 
d 
I 
In 
o\ 
0 + 
In 
9 
0 + 
.. 4 
0 
I 
(r 
0 + 
9 
9 
0 
9 
9 
o\ 
9 
o\ 
4 
x- 
0 
m 
o\ 
4 m .. -+ 
0 0 
m 
0 
I- 
O 
9 
L-4 
0 0 
m 
N 
47 
Ln 
.? 
9 
\ 
N 
N 
d 
0 
\ 
N 
N 
4 
0 
N 
\ 
9 
N 
9 
\ 
m 
N 
4 
0 
\ 
N 
N 
4 
M 
Ln' 
0 
4 
@- 
M 
0 
m 
1 
9 
N 
* 
\ rn 
N 
4 
0 
\ 
N 
N 
4 
0 
N 
\ m 
N 
9 
\ 
N 
N 
a 4  
0 
\ 
N 
N 
4 
ch 
4 
0 
rc) 
ch 
cr) 
a, 
cd 
rf 
:r( 
cd 
51 
ii 
z -c, 
N tu 
\ 
9 
N 
9 
\ 
N 
N 
l-4 
N 
\ 
0 
N 
4 
0'. 
4 
0 
@- 
l-4 * 
9 
\ 
9 
N 
4 
0 
\ 
N 
N 
d 
9 
\ 
N 
N 
4 
* 
\ m 
N 
d 
0 
\ 
N 
N 
d 
d 
ui 
0 
9 
4 
@- 
9 
0 
m 
t 
9 
N 
0 
N 
\ 
@- 
N 
9 
t 
9 
N 
4 
0 
\ m 
N 
4 
0 
N 
\ 
(c- 
N 
9 
\ 
-cr 
N 
e-4 
0 
\ 
N 
N 
4 
m 
ui 
0 
ch 
9 
0 
m 
\ 
co 
hl 
0 
N 
\ co 
N 
* 
\ 
b 
N 
4 
0 
\ * 
N 
d 
0 
N 
\ co 
N 
9 
\ * 
N 
l-4 
0 
\ 
m 
N 
l-4 
4 
ui 
0 
m 
4 
@- 
a, 
4 2
.rl 
cd > 
cd 
J-, z 
N 
N 
\ 
00 
N 
9 
\ 
Ln 
N 
4 
ch 
\ 
m 
N 
m 
ui 
0 
CI- 
m 
(c- 
N 
vi 
\ co 
N 
N 
N 
\ co 
N 
9 
\ co 
N 
4 
N 
\ 
In 
N 
4 
o\ 
\ 
N 
d 
* 
4 
\ 
Ln 
N 
ch 
\ 
m 
c4 
d 
ui 
0 
9 
4 
m 
0 
N 
0 
m 
\ .m 
N 
0 
N 
\ * 
N 
9 
\ * 
N 
A 
0 
\ 
N 
N 
d 
0 
N 
\ 
9 
hl 
9 
\ * 
N 
l-4 
0 
\ 
N 
F4 
l-4 
N 
ui 
0 
N 
m 
0 
N 
co 
N 
\ * 
N 
0 
N 
\ 
m 
N 
* 
\ * 
N 
4 
0 
\ 
N 
N 
4 
N 
N 
\ 
9 
N 
9 
\ 
m 
N 
l-4 
0 
\ 
N 
N 
l-4 
9 
Ld 
0 
m 
@-.a 
0 0  
N N 
N 
N 
\ 
9 
h3 
co 
\ * 
N 
d 
N 
\ * 
N 
d 
* 
N 
\ 
Ln 
N 
co 
\ 
l-4 
;?I 
* 
\ 
0 
N 
l-4 
9 
ui 
0 
9 
l-4 
d 
N 
2 
z 
0 
c i: 
N 
co 
m 
0 * c o o  9 b  
co 
\ 
9 
N 
d 
N 
I'- 
N 
N 
\ 
c- 
N 
* c- 
N 
N 
\ 
r- 
N 
* a m  
0 0 0  
N N N  
N N  
N N  
\ \  * *  
N N  
m m m 
F w d  m * m m  
+ + +  + + + r  d d d  d d d d  
. 
d o 0 0  
+ + + I  
49 
m * 
4 
a, 
?i 
; 
4 
.r4 
id > 
cd 
J-, 
tn co 
\ 
N 
4 
w 
N 
\ 
9 
N 
co 
\ 
9 
N 
* 
\ 
9 
N 
4 
4 
tn 
0 
\ 
m 
4 
4 
m 
4 
0 
I- 
Ln 
w 
4 
N 
N 
\ 
I- 
N 
co 
\ 
I- 
N 
4 
rn 
m 
\ 
0 
N 
0 
N 
\ * 
N 
9 
\ 
Ln 
N 
N 
\ 
Ln 
N 
4 
4 
v1 co 
\ 
0 
N 
m 
i 
0 
9 
4 
N 
N 
\ 
or) 
N 
9 
\ 
9 
N 
4 
\ 
m 
4 
N 
N 
\ 
9 
N 
co 
\ 
9 
N 
w 
\ 
I- 
N 
4 
4 
tn m 
\ 
0 
N 
co 
4 
0 
N 
N 
\ 
co 
N 
9 
\ 
9 
N 
4 
rn 
I- 
\ 
m 
4 
N 
N 
\ 
9 
N 
co 
\ 
9 
N 
* 
\ 
F 
N 
4 
4 
tn m 
\ 
0 
N 
m 
4 
0 
m 
m 
l-4 
4 
a, 
?i 4
o r 4  
cd + 
cd 
J-, z 
tn 
I- 
\ 
0 
N 
N 
N 
\ 
9 
N 
co 
\ 
9 
N 
* 
\ 
I- 
N 
4 
4 
tn m 
\ 
0 
N 
0 
G 
0 
I- 
4 
N 
4 
m 
N 
\ 
tc 
N 
co 
\ Ln 
N 
4 
rn 
I- 
\ 
m 
4 
N 
N 
\ 
9 
N 
co 
\ 
9 
N 
* 
\ 
I- 
N 
4 
4 
tn 
ch 
\ 
0 
N 
N 
L f i  
0 
9 
4 
Ln 
9 
4 
N 
N 
\ 
9 
N 
9 
\ w 
N 
l-4 
\ 
ch 
4 
* 
N 
\ 
9 
N 
co 
\ 
9 
N 
* 
4 
4 
\ 
Ln 
N 
v1 
0 
\ 
03 
4 
4 
I- 
4 
0 
m 
m 
9 
l-4 
N 
N 
\ 
I- 
N 
co 
\ 
Ln 
N 
l-4 
tn 
CP 
\ 
0 
N 
N 
N 
\ 
9 
N 
9 
\ 
9 
N 
N 
\ 
I- 
N 
4 
r( 
tn 
I- 
\ 
0 
N 
co 
4 
0 
9 
4 
h 
0 a 
2 
0 
m 
\ 
9 
N 
0 0 9  
m m N  
\ \ \  
F a 9  
N N N  
0 0  
N N  
\ \  
m 9  
N N  
0 0 0 0  o o o c o  
m m m w  N N N . 4  
\ \ \ \  \ I \ \  
c o c o r - r -  m a 0 3 9  
N N N N  N N N N  
0 
m 
-m r- 
N 
0 0 0 
N N N 
- 1  I \  \ co co 9 
N N N 
0 0 0 0  0 0  
m r - 9  Yr) 
4 
4 
m 
N O  
4 - 1  
d d  
0 0  
r - 9  
4 
m m m m  
m N 9 N  
+ + + , I  
d c f d d  
0 0 0 . 0  
m r - 9  
4 
N 
51 
3 
U 
dr 
rr, 
. 
4 
I3 c 
m 
9 
9 
m 
\ 
Ln 
N 
N 
\ 
N 
N 
d 
0 
N 
\ 
rc 
N 
0 
\ 
N 
N 
4 
4 
Ln 
0 
Ln 
dr 
9 
m 
\ 
9 
N 
0 
4 
\ 
N 
4 
0 
N 
\ 
Ln 
N 
- a  
0 
r-l 
\ 
m 
N 
0 
In 
0 
m 
ch 
dr 
9 m 
\ 
TP 
N 
9 
9-4 
\ 
Ln 
N 
a co 
\ 
9 
N 
co 
\ 
Ln 
N 
d 
N 
\ 
N 
N 
4 
dr 
9 
0 0 
9 
d 
* 
P- 
N 
N 
\ 
\9 
N 
co 
\ co 
N 
?-I 
N 
\ 
Ln 
N 
4 
* 
N 
\ 
W 
N 
dr 
-9. 
9 
N 
4 
(3\ 
Ln 
0 
m 
0 
N 
\ 
9 
N 
N 
\ 
Ln 
N 
d 
4 
9 
0 
9 
4 
4 
42 
pc 
N 
ch 
m 
0 
rrt 
9 
N 
\ co 
N 
dr 
\ 
m 
N 
H 
N 
N 
\ r- 
N 
N 
\ 
9 
N 
4 
m 
s' 
0 
9 
r-l 
52 
* * 
co 
\ 
t- 
N 
8-4 
v3 co 
\ 
t- 
N 
m 
0 
+ d 
m 
m 
0 
4 
03 * 
I 
9 
\ 
co 
N 
4 
I 
v3 co 
\ 
m 
hl 
m 
8-4 
0 + 
4 
m' 
0 
e 
c o c o c o  
\ ' I \  
C T c o c o  
N N N  
8 - 4 4 8 - 4  
9 
._ .-( 
\ m 
N 
m l n  
8 - 4 m m  
d d d  + + +  
0 0 0  
m r ?  
N co 
I 
I 
co 
\ 
0 
hl 
I 
I 
9 
\ co 
N 
r( 
* 
+ d 
* * 
N 
ui 
0 
9 
4 
N 
N 
4 
a 
9 
cr) 
'i 
9 
N 
a co 
\ 
3, 
N 
c( 
a tn 
a 
0 
N 
\ 
0'. 
N 
VI co 
\ 
0 
hl 
rr) 
4- 
d 
* 
ui 
0 
I 
I 
\ 
CT 
4 
m * 
0 + 
m 
ui 
0 
rr) 
N 
N 
\ 
Lo 
N 
v3 
0 
\ \  c o c o  
"$ 4 
4" l-l 
m 
4 9  
+ I  
d d  
9 * 
* ' . - . I  
ui 9' 
0 0  
t - 9  
4 
53 
r- * 
4 
I 
n co 
\ co 
?-i 
9 
m 
\ 
N 
N 
I 
I 
CQ 
4 
0 
4 
m 
Ln 
4 
0 
N 
\ 
Ln 
N 
v) co 
\ 
CP 
4 
* 
4 
\ 
In 
N 
N 
\ 
M 
N 
4 
co 
\ 
CP 
4 
4 
Ln 
0 
9 
4 
W ? - i  m o  
4 
I 
I 
v) co 
\ 
0 
N 
co 
N 
\ 
D 
hl 
co 
\ 
r- 
N 
4 
4 
ui 
0 
m 
m 
0 
?-i 
6, 
4 
% 
4 
.rl 
rd 
3 
cd 
c, z 
tn co 
\ 
N 
l-l 
co 
N 
\ 
0 
m 
co 
\ co 
N 
4 
N 
4 
Ln 
0 
4 
I 
I 
tn co 
\ 
N 
4 
9 
N 
\ 
0 
m 
co 
\ co 
N 
4 
4 
ui 
. .  
0 0  
r - 9  
4 
Ln 
rr, 
4 
I 
v) co 
\ 
0 
hl 
9 
m 
\ 
Ln 
*I 
9 
\ 
co 
N 
0 
\ * 
N 
4 
4 
hl 
L A  
0 
r- 
Ln 
4 
I 
* 
4 
\ 
to 
N 
tn co 
\ 
0 
N 
* m 
\ 
r- 
N 
co 
N 
24 co 
N 
co 
9 
\ 
r- 
N 
f 
0 
lo' 
0 
cr) 
54 

I 4  
N 
N 
a 
0 
PI] 
\ * 
N 
U 
9 
\ * 
N 
4 
a 
0 
\ 
crl 
N 
4 
a 
9 
c.4 m 
N 
4 
a 
0 
\ m 
N 
4 
N 
J f i  
0 m 
O N * *  
N N N N  
N N N N  
56 
n 
a 
a 
W 
Y 
K 
I 
w 
K 
cn z 
U 
E 
2 
a 
-I 
J 
3 
P 
w 
n 
iij 
a cn 
0 
ci 
w' 
a 
t, 
.I 
(3 z 
3 
w 
I 
I- 
w 
-I 
0 
2 
0 
0 
w 
I 
a 
o t -  
o m  
Q 
I- 
% 
w 
I 
I- 
2 
0 
I- 
W 
U 
w u. 
w oc 
- 
0 
O 
I- 
n 
a 
V 
57 
Each pattern a s  recorded uses  the nomenclature of Figure 21 and i s  so marked. 
Figure 21 shows the four discrete angles for which the azimuth and elevation 
patterns w e r e  taken. Figure 22 shows the antenna package on the tes t  pedes- 
ta l  and corresponds in oriental to Figure 21a (1). 
The elevation plane of the antenna package i s  skewed with respect to the plane 
of the mount elevation table. 
should be given more weight than those taken in the elevation plane. 
tions in the symmetry of the main beam a r e  considered from the azimuth 
plane patterns only. 
innumerable patterns a t  X-, K-, and Ka-bands. 
variations are shown in Figure 23. 
Therefore, patterns taken in the azimuth plane 
Varia- 
Notches and flat tops occurred on the main beam for 
Some examples of these 
Comparisons from the patterns a r e  made for the following cases: (1) with 
and without lightning a r r e s t e r s ,  ( 2 )  variation in side-lobe levels, ( 3 )  varia- 
tion in beam shift, and (4) variation in beam-width. 
6. 1. 1 Lightning Arres te rs  
A double overlay (Figure 24) has been made at  K-band with and without 
lightning a r r e s t e r s .  The agreement in side lobes, a s  judged from this 
figure, indicates little o r  no effect caused by the a r r e s t e r s .  
6. 1. 2 Side Lobes 
6. 1. 2. 1 I L- Band (H- Plane) 
The free space H-plane pattern is  quite asymmetrical  (Pat tern 110). 
horizontal polarization there is a 14-dB side lobe on the bottom which would 
intersect the ground for  the 0' through ?Oo angles. 
i s  20 dB and i s  a double lobe. 
but both increased the top to 14 dB by breaking up the double lobe. 
In 
On the top, the side lobe 
Neither radome changed the bottom side lobe, 
Side-lobe level changes for the H-plane patterns can be seen from Table 5. 
On the 90" side there i s  excellent agreement for a l l  four angles between f r ee  
space and both radomes. 
of the f i r s t  lobe, again by breaking up the double lobe. 
On the 270° side, the radomes do increase the level 
5% 
Figure 22. Antenna System, Mount, and Test Pedestal 
Comparing the H-plane patterns for free space for the four angles, it can 
definitely be concluded that the structure does not affect the patterns ( see  
patterns 108, 110, 112, and 114). 
The elevation patterns (Table 5) show higher side lobes than those in Table 6. 
A s  mentioned above, the vertical  plane i s  skewed and patterns a r e  not taken 
through the peak of the beam. 
6 .  I .  2 . 2  L-Band (E-Plane)  
On the 90" side for horizontal polarization, there is  one case of a 2-dB 
increase in side lobe. 
decreased (see  Table 6). 
f i r s t  side lobe caused by the radomes. 
In several  other cases  the side lobes were actually 
On the 270° side there were no increases in the 
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RELATIVE POWER ONE WAY (db) 
I 
RELATIVE POWER ONE WAY (db) 
RELATIVE POWER ONE WAY (db) 
A 2  0' EL VAR 
fc = 10.625GHZ 
ANT. 0' 
HORIZ. POL. 
RADOME #1 
A 2  VAR EL - 29.7' 
f, = 10.625 GHZ 
ANT. 30' 
VERT. POL. 
RADOME 82 
AZ VAR EL - 161' 
fc = 31.4GHZ 
ANT. 160' 
HORIZ. POL. 
FREE SPACE 
RELATIVE POWER ONE WAY (db) 
AZ VAR EL - 0' 
f, = 22.3GHZ 
ANT. 0' 
VERT. POL. 
RADOME #2 
Figure 23. Variation in Main Beam Shape 
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6. 1.2.  3 X-Band (H-Plane) 
For  vertical  polarization the main beam in each se t  of patterns (free space, 
radome 1, and radome 2) was badly not.ched. 
great increase in a l l  the side lobes for both radomes, radome 1 having a 
15-dB lobe at  60" f rom the main beam. 
what small  increase in side-lobe energy. 
cases except the 160" angle a r e  down less  than 3 dB (see Table 11). 
At  the 160" angle there i s  a 
At  the 30' angle, there i s  a some- 
The f i rs t  lobes, however, in a l l  
F o r  horizontal polarization, the notch still appears and the 160" angle has 
increased side-lobe energy (see  Table 8). 
6. 1 .2 .4  X-Band (E-Plane) 
There i s  one first side lobe which changes 3 dB going from free space to the 
radome. 
tern 58). 
Table 9) .  
a t  about 30" off the main beam, because the X-band horn i s  quite close to the 
temperature- sensing wires. 
It occurs on the 270" side of radome 1 a t  the 160" angle (see Pat-  
All other lobes match within 3 dB, the specification value (see 
The patterns for the 160" angle for both radomes show higher lobes 
Table 10 gives the results of the E-plane taken by elevation patterns. 
of these patterns the main lobe has a notch on it. 
polarization also. 
In each 
This occurred on the other 
6. 1.2. 5 K-Band (H-Plane) 
There i s  a variation of 2 dB in free-space patterns over the four angles O", 
30", 70°, and 160". However, the f i r s t  side lobe for the patterns for both 
radomes a r e  within 3 dB of the free-space value for each corresponding angle 
except for radome 2 at the 30" angle on the 90" side where the increase i s  
4 dB (see  Pattern 166). 
angle 36" off the main beam fo r  both radomes and at  the 30" angle for radome 2 
only. The other angles had no increased energy into the side lobes ( see  
Table 15). 
There i s  an increase in side-lobe energy for the Oo 
Notches and flat tops occur in each se t  of patterns. 
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6. 1. 2.6 K-Band (E-Plane) 
The f i r s t  side-lobe level i s  within specification for a l l  angles on both radomes 
(see Table 13), except for the 160" angle on radome 2 where the increase i s  
4 dB (see  Pattern 210). 
other side lobes. 
A t  this angle also there i s  increased energy in the 
Notches and flat tops occur in each se t  of patterns. 
It is  interesting to note that the corresponding pattern for vertical polariza- 
tion does not have this increase in side lobe nor the increased energy in the 
other side lobes (see Pattern 169 and Table 14). 
6. 1. 2 .7  K -Band (H-Plane) 
The vertical  polarization patterns for both radomes match the free-space 
pattern within 3 dB except a t  the 160" angle. 
there is  increased energy in the side lobes (see Patterns 154 and 164). 
free-space main beam has a notch at a l l  angles and the results seem to be 
that the patterns with radomes then tend to have a 2 to 3 dB ripple ( see  
Table 19). 
At this angle for both radomes, 
The 
6. 1.2.8 K_-Band (E-Plane) 
The free space patterns have a notch on them and the patterns wi th  radome 
have a ripple on them. 
with free space again wi th  the exception of the 160" angle (see Table 17 and 
Patterns 50 and 218). 
The side lobes with radome on have good agreement 
6. 1. 3 Beam Shift 
6. 1.3. 1 L-Band (E-Plane) 
There is  a 1. 3 O  shift in beam from the 30" angle to the 160" angle for the 
free-space pattern. 
radome i s  0.25' for radome 1 a t  the 160" angle and 0. 2" for radome 2 at the 
70" angle. The specification i s  3 "  so the effect i s  quite small. ( s ee  Table 5).  
Whereas the maximum shift from free space due to the 
63 
6.1. 3. 2 L-Band (H-Plane) 
There is a 0. 3 "  shift in beam from the 30" angle to the 160" angle for the 
free-space pattern. 
radome i s  1 "  for radome 1 at  the 160" angle and 1. 2" for radome 2 also at the 
160" angle (see Table 7). 
However, the maximum shift f rom free space due to the 
6 ,  1. 3. 3 X-Band (E-Plane)  
For  horizontal polarization, the shift in beam fo r  both radomes was 0. 2"  o r  
under all angles, except the 160" angle on radome 2 where the shift w a s  
1. 15" ( see  Table 9) .  
6. 1. 3.4 X-Band (H-Plane) 
For  vertical  polarization, the beam shift was  quite large,  the highest being 
1. 65" for the 160" angle on radome 2. Again these patterns (Table 11) had 
notches and flat tops occurring even on the free-space beam. 
6.1. 3. 5 K-Band (E-Plane) 
The maximum beam shift for the free-space beam over the four angles i s  
1.05". 
occurs at the 0" angle, on radome 2 where the change i s  0.8" (see Table 13). 
However, for the radomes the maximum change from free space 
6. 1. 3.6 K-Band (H-Plane) 
The free-space beam over the four angles shows only a 0. 25" change (see 
Table 15). 
energy is high (see  Pat tern 166). 
There is a 1. 2"  change in radome 2 a t  the 30" angle. Sidelobe 
6.1. 3.7 Ka- Band ( E-Plane) 
The beam shift i s  less than 0. 2" for both radomes except for the 160" angle. 
Here the shift i s  1.75" for radome 1 and 1.  05" fo r  radome 2. 
6. 1.3.8 Ka-Band (€3-Plane) 
The greatest  change f o r  this polarization occurs a t  the 30" angle where the 
shift i s  1. 05". 
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6. 1.4 Beam Width 
6. 1.4. 1 
There is a 0. 3" (1.9%) maximum change in beam width for the four angles for  
the free-space patterns. 
a t  the 70° angle fo r  radome 1 where the change i s  9.4% 
maximum of 6% a t  the 30" angle. 
L- Band ( E-Plane) 
The greatest  change caused by the radome occurs 
Radome 2 has a 
Specification is lO%(see Table 5 ) .  
6. 1.4. 2 L-Band (H-Plane) 
There i s  a 0.7" (4.7%) maximum change in beam width for the four angles 
for the free-space patterns. 
occurs a t  the 0" angle for radome 2 where the change i s  5. 5 % ~  
has a maximum of 4. 7% a t  the 0" angle (see Table 7). 
The greatest  change caused by the radome 
Radome 1 
6. 1.4.3 X-Band (E-Plane) 
The beam width varied no more than 0. 15"  from the average value. 
beam width appears  to be virtually unchanged by the radomes. 
appear in the main beam ( see  Table 9). 
The 
Notches do 
6. 1.4.4 X- Band (H- Plane) 
Azimuth patterns taken with vertical  polarization generally had a notch on 
the main beam. 
130 and 96 had a flattened main-beam peak. 
was unaffected in value. 
angles where the a r r a y  is clear  of radome sensor wires. 
flattened free-space pattern (Pat tern 96) was a t  the 70"  angle (see Table 11). 
Elevation patterns with horizontal polarization has some notched main beams, 
two of which w e r e  free space but no flattened tops ( see  Table 8). 
This occurred with radomes and free space. Patterns 128, 
The beam width in these cases  
The notches and flat top were a t  the 30" and 70"  
In particular, the 
6. 1.4. 5 K-Band (E-Plane) 
Radome 1 and free-space beam widths compare quite well. 
decided increase in beam width, for all four angles giving a maximum increase 
Radome 2 has a 
of 0. 8" at the 160" angle. 
lobe level (see Table 13). 
These patterns indicate a general increase in side- 
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6 .  1.4.6 K-Band (H-Plane) 
The beam width is quite constant for both radomes varying only 0. 3 "  fo r  
radome 1 at the 0" angle (see Table 15 and Pattern 140). 
6 .  1.4.7 K -Band (E-Plane) 
There is a difference of 0.4" in the beam width for'the free-space patterns 
going from the 0"  angle to the 30' angle. All  beams have a notch on them, 
the 160" angle having a 1/2-dB notch. The beam widths vary from 5. 1"  to 
6. 1".  
6 .  1.4.8 Ka-Band (H-Plane) 
The free-space patterns f o r  a l l  four angles have only 0. 1" variation in beam 
width. 
for the 160" angles. 
Both radomes have beam-width values close to free space, except 
6 . 2  TRANSMISSION TESTS 
When MDAC w a s  requested to use the antenna package supplied by MSC 
instead of individual antennas, i t  was understood that the techniques for 
transmission measurements given in MIL-R-7705A (-4SG) 12 January 1955, 
could not be followed. 
respect to the antennas the required one-quarter wavelength. 
however, could be moved off and on the mockup fixture within 5 min and it 
was felt that good comparative tes t s  could therefore be made. 
quency and polarization, the equivalent angle used for the on-off comparison 
was 0". Readings were then taken for the other angles (30", 70", and 160") 
with radome on and compared to the 0" angle reading. 
along wi th  the inability to move the radome one-quarter wavelength that any 
mismatch in the antenna system would degrade the accuracy of the readings. 
The readings obtained a r e  presented in Table 22. 
It would not be possible to move the radome with 
The radome, 
A t  each fre- 
It was understood that 
It was agreed by the technical personnel from MSC, JPL and MDAC that 
transmission reading would be taken on the radomes during the calibration 
tes ts  run by JPL at their  Table Mountain facility. The partial  results from 
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these measurements on transmission a r e  also given in Table 22 for an aver- 
aged value (20" to 70"). 
caused by the radome. 
These numbers represent the abs 
Tests were made for a few angles with and without the lig 
(in place) along with one tes t  run to determine any effect 
to the presence of the temperature-sensing wires, 
tests w i l l  be in a JPL report. 
The final results of these 
A review of Table 22 gives no conclusive results. 
ambiguity can be seen i f  the data a r e  compared a s  follows: 
Some indication of the 
1. 
2. 
3. 
4. 
Exclude the MDAC results from angles 0" and 160" because of 
some of the pattern changes observed a t  these angles. 
Exc lude K - band te  mp o r a r i ly . 
J P L  data show both radomes a t  o r  below specification for the 
three frequencies. MDAC data show each radome equally in 
and out of specification with no apparent order corresponding 
to angle, polarization, o r  radome. 
Considering now the K-band reading, J P L  data show both radomes 
on horizontal polarization to be in specification while the MDAC 
data show radome 1 and radome 2 out. 
show both radomes out a t  vertical  polarization and MDAC (on 
radome 1)  show one angle in and one angle out. 
Conversely, J P L  data 
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